By comparison, the composition of OC associated with Mn oxides formed in natural settings (brackish waters and particularly in cave ferromanganese rock coatings) is more spatially and chemically heterogeneous. Cave Mn oxide-associated organic material is enriched in aliphatic C, which together with the lower carbon concentrations, points to more extensive microbial or mineral processing of carbon in this system relative to the other systems examined in this study, and as would be expected in oligotrophic cave environments. This study highlights Mn oxides as a reservoir for carbon in varied environments. The presence and in some cases dominance of proteinaceous carbon within the biogenic and natural Mn oxides may contribute to preferential preservation of proteins in sediments and dominance of protein-dependent metabolisms in the subsurface biosphere. 
| 159 2011). In aggregate, these studies imply that the chemical composition of OC itself is not a primary control on OC preservation and that there must be other underpinning biogeochemical mechanisms at play.
Physical and/or chemical protection of OC by minerals within soils and sediments is one such mechanism of preservation. In particular, the concentration and availability of OC can be substantially impacted by the mineralogical composition of soils/sediments and abundance of reactive mineral phases (Doetterl et al., 2015; Dümig, Häusler, Steffens, & Kögel-Knabner, 2012; Heckman, Vazquez-Ortega, Gao, Chorover, & Rasmussen, 2011; Lalonde, Mucci, Ouellet, & Gélinas, 2012; Ransom, Kim, Kastner, & Wainwright, 1998 ), yet the underlying mechanisms remain unclear. While clays have historically been viewed as the primary control on mineral-hosted carbon (Arnarson & Keil, 2001; Bock & Mayer, 2000; Dickens et al., 2006; Dümig et al., 2012; Ransom et al., 1998) , iron (Fe) oxides have more recently been shown to serve as a substantial sink for carbon in a wide range of marine and terrestrial environments and even in systems where Fe oxides are not considered stable (Kaiser & Guggenberger, 2000; Lalonde et al., 2012; Picard, Kappler, Schmid, Quaroni, & Obst, 2015; Poulton & Raiswell, 2005; Roy et al., 2013) . Specifically, Fe oxides in marine sediments host an average of 20% of total organic carbon, levels that are disproportionally higher than their abundance (Lalonde et al., 2012) . In addition to Fe oxides, manganese (Mn) oxides have a propensity to be associated with organic carbon (Johnson et al., 2015; Roy et al., 2013; Stone & Morgan, 1984; Sunda & Kieber, 1994) but have been less extensively studied. Carbon molecules can adsorb to mineral surfaces, serve as templates for mineral nucleation, and/ or coprecipitate with minerals during mineral growth and aggregation Mann et al., 1993; Moreau et al., 2007 and references therein) . In fact, Fe(II)-and Mn(II)-oxidizing organisms utilize secreted organic molecules as templates for mineral growth (Chan, Fakra, Emerson, Fleming, & Edwards, 2011; Emerson, Garen, & Ghiorse, 1989) such that the association of certain biomolecule classes with oxide minerals may serve as a signature for biomineralization.
Conversely, metal oxides can serve as strong oxidants of organic matter (Stone & Morgan, 1984; Sunda & Kieber, 1994) . In coastal sediments, comparison of carbon turnover rates with the residence times of Fe and Mn suggests that each metal atom experiences 100-300 redox cycles, often coupled to OC oxidation (Canfield, Thamdrup, & Hansen, 1993) . Oxidized Mn species also drive microbially mediated litter decomposition in terrestrial systems (Berg et al., 2010; . In fact, both preservation and alteration of oxide-hosted carbon may take place, perhaps simultaneously, within a given deposit. Mn oxide deposits formed in a wastewater treatment facility contained alternating layers of Mn oxides and physically and chemically protected organic carbon; yet, evidence for OC degradation in that system pointed to simultaneous Mn oxide-induced carbon oxidation to low molecular weight OC (Johnson et al., 2015) .
Thus, these metal oxides appear to play an outsized role both in the preservation and in transformation of OC. Despite this, there remains a paucity of information on the abundance and composition of carbon associated with Mn oxides within biogenic precipitates and environmental systems, limiting our understanding of the underlying mechanisms and the potential role of such minerals as archives of organic molecules. Accordingly, we investigated the concentration, distribution, and composition of organic carbon associated with environmental and biogenic Mn oxides. Mn(II)-oxidizing bacteria and fungi are considered primary organisms responsible for the formation of Mn oxides within marine waters and terrestrial sediments/rock coatings (Tebo et al., 2004) . To explore potential differences in the concentration and chemical composition of organic carbon associated with Mn oxides in these environments, we characterized and compared OC-Mn oxide relationships within natural Mn oxides formed in brackish marine waters and a terrestrial cave system, as well as axenic cultures of representative Mn(II)-oxidizing organisms from each environment: two coastal marine bacteria (Roseobacter sp. AzwK-3b and Erythrobacter sp. SD-21) and two terrestrial fungi (Pyrenochaeta sp. DS3sAY3a and Stagonospora sp. SRC1lsM3a). This comparison provided insight into the range of OC-Mn oxide interactions that occur throughout mineral precipitation and preservation.
| MATERIALS AND METHODS

| Preparation of biological Mn oxide samples from Mn(II)-oxidizing cultures
Biogenic manganese oxides were precipitated by two alphaproteobacteria (Roseobacter sp. AzwK-3b and Erythrobacter sp. and two ascomycete fungi (Pyrenochaeta sp. DS3sAY3a and Stagnospora sp. SRC1IsM3a). The two bacterial species are wellcharacterized Mn(II) oxidizers isolated from coastal surface sediments (Erythrobacter; Francis, Co, & Tebo, 2001 ) and a coastal estuary (Roseobacter; Hansel & Francis, 2006) . The two fungi are cosmopolitan species found in a wide variety of terrestrial habitats that were isolated from Mn-rich wetlands treating coal mine drainage (Santelli et al., 2010) .
Roseobacter sp. AzwK-3b was grown on J+acetate media consisting of 10 mm sodium acetate, 10 ml L −1 vitamin mix (in mg L Minerals were precipitated in cell-free filtrate following the procedure outlined in Learman et al. (2011) . The bacterial cultures were grown to mid-log phase (as determined by absorption at 600 nm).
Fungi were grown for either 8-10 days (Stagonospora) or 14 days (Pyrenochaeta), consistent with optimum Mn(II) oxidation capacity of their secretomes (Zeiner, 2015) . Cultures were centrifuged at 4,000 g for 15 min and then filtered through a 0.2-μm PVDF membrane to produce cell-free filtrates. The cell-free filtrates were amended with 100 μm Mn(II) (from a stock solution of MnCl 2
•4H
2 O) and shaken at 150 rpm at room temperature in the light for 6-96 hr, following the procedure optimized in Learman et al. (2011) . Learman et al. (2011) demonstrated that 96 hr is sufficient for near-complete oxidation and for approximately 50% of the initial hexagonal birnessite phase to ripen into triclinic birnessite. For spectroscopic work, 200 μm Mn(II) was added to fungal filtrates. Previous characterization of the Mn oxides formed by fungi grown in liquid under these conditions produce solely hexagonal birnessite over the course of 96 hr (Santelli, Webb, Dohnalkova, & Hansel, 2011) , but no time series were conducted for these species. In all experiments, reaction progress was tracked using the colorimetric reagent leucoberbelin blue (method described below).
At the end of the reaction period, precipitated minerals were collected by centrifugation (12,500 g) and then decanting the supernatant. Minerals were resuspended in a smaller volume of sterile DI water and transferred to 50-ml centrifuge tubes, pelleted a second time, resuspended in 2 ml sterile DI water, and transferred to microcentrifuge tubes. After a final centrifugation and decanting of supernatant, samples consisted of a mineral pellet in approximately 0.2 ml sterile DI.
Previous experiments (data not shown) demonstrated that rinsing with DI is preferable to rinsing with natural water or media as the former does not affect the concentration or composition of mineral-associated OC as determined by element analyzer (EA, see below).
| Incubation experiments
| Biomineralization of Mn oxides in natural waters
Five to 10 L brackish water from Oyster Pond (Falmouth, MA) was collected from a depth of 1 meter twice in late May/early June 2014. A YSI 556MPS handheld multiparameter system was used to measure pH, conductivity, salinity, temperature, and dissolved oxygen in situ. Duplicate 40 ml subsamples for time zero (t0) measurements of dissolved organic carbon (DOC) were collected, filtered immediately through a 0.2-μm membrane, and acidified with 40 μl concentrated hydrochloric acid (HCl). In the laboratory, 500 ml aliquots of the unfiltered water were dispensed into sterile glass bottles and 100 μm Mn(II) (from a stock solution of MnCl 2
added to each. Duplicate bottles were left at 25°C, still, and in the dark, to prevent photo-oxidation, for either 4 or 8 weeks.
At the end of the incubation period, Mn(II)-amended treatments had produced a large quantity of Mn oxide particles. Quantification was not possible as a portion of particles adhered to the sides of the bottles. Mineral samples were collected by filtering water through a 0.2-μm membrane, rinsing the membrane with sterile DI twice, and rinsing the particulate mineral and associated OC off the membrane into a microcentrifuge tube. As with the culture experiments, the final product consisted of a mineral pellet in approximately 0.2 ml sterile DI.
Samples for DOC were taken from the filtrate and preserved as above.
| Adsorption of natural organic matter to synthetic Mn oxides
δ-MnO 2 was synthesized following the method described in Villalobos, Toner, Bargar, and Sposito (2003) . Brackish water was collected from Oyster Pond in early September 2014 and analyzed at t0 for geochemical parameters as described above. Half the collected water was filtered through a 0.2-μm membrane ('0.2 μm filtered'), while the other half was left whole. 500 ml aliquots of the filtered and unfiltered water were amended with 100 μm synthetic δ-MnO 2 and incubated in the dark at 25°C for either 6 or 96 hr. At the end of the experiment, DOC and mineral samples were collected as in the biomineralization incubation experiments above.
| Cave site description and sample collection
Ferromanganese precipitates from Daniel Boone Caverns, a relatively pristine epigene karst cave in the Tennessee River Basin (Carmichael, Carmichael, Santelli, Strom, & Bräuer, 2013; Carmichael, Carmichael, Storm, et al., 2013) , were collected in June 2014. Mn oxides form within biofilms, as coatings on rocks in pools or under seeps, as crusts along cave walls and speleothems, and as particles within mud formed by mineral weathering processes. Mn oxide-coated rock samples were taken at two sites where coatings were actively forming under pooled water. Samples were placed in sterile centrifuge tubes or sample bags; coatings utilized in analyses were removed from the rock surface in laboratory using a sterile razor blade after mud was removed using sterile ultrapure water.
| Quantification of Mn(III/IV) oxides
Mn(III/IV) oxide concentrations were quantified at 620 nm (Cary 60 UV-Vis spectrophotometer, Varian) using the colorimetric reagent leucoberbelin blue (LBB, Sigma; Krumbein & Altmann, 1973) oxides in cave samples, 3-10 mg of dried and ground ferromanganese deposit from each sample was weighed in duplicate and reacted with 2 ml LBB reagent for 15 min with periodic shaking.
The reacted solution was then filtered through a 0.2-μm membrane and analyzed.
| Spectroscopic analysis of Mn oxides
Extended X-ray absorption fine structure (EXAFS) spectroscopy was conducted on beamline 4-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) to determine the structure of the natural Mn oxides. Measurements were made using a Si (111) monochromator (Φ = 90°) and calibrated with a KMnO 4 standard (6543.34 eV). Fluorescence data were collected with a Vortex silicon drift detector, with 3-4 scans per sample taken at room temperature from about −200 to +1000 around the Mn K-edge (6539 eV). Data processing was conducted using the six-pack software program (Webb, 2005a (Webb, , 2005b . XAS scans were averaged, background-subtracted, normalized, and converted to χ(k) spectra.
Spectra were k 3 -weighted and fit using a k range of 3-12 Å −1 , as a substantial Fe K-edge was observed in the natural samples.
Linear combination fitting was performed as described in detail in Learman et al., 2011 and Bargar et al., 2005 ; using δ-MnO 2 , Na-birnessite, acid birnessite, groutite (α-MnOOH), feitknechtite 
| Carbon spectroscopic analyses
Scanning transmission X-ray microscopy ( 
| NEXAFS peak deconvolution
Gaussian deconvolution of spectra from both bulk NEXAFS and STXM-NEXAFS was conducted using PeakFit software (SeaSolve Software Inc., San Jose, CA, USA) and following the peak assignments and parameters described in Keiluweit et al. (2012) and references therein. In brief, spectra were fit using six Gaussian peaks corresponding to approximate positions of major functional group resonances, according to the convention followed in the literature (Keiluweit et al., 2012; Kleber et al., 2011; Schumacher, Christl, Scheinost, Jacobsen, & Kretzschmar, 2005; Solomon, Lehmann, Kinyangi, Liang, & Schafer, 2005) . Peak magnitude and energy were allowed to vary freely and always constrained themselves to the energy ranges expected for each functionality. As in previous works (Keiluweit et al., 2012; Kleber et al., 2011) , the ionization threshold was fit using a 'transition' function in PeakFit set at 290 eV that approximates the arctangent function used by other researchers (Solomon et al., 2005) , while σ* transitions were fit with two additional Gaussians. Fit results were expressed as 'percent of the fit area', excluding the transition function and σ* Gaussians as they were above the energy range of interest and did not affect peak areas.
| Quantification of organic carbon
Mineral-associated OC was quantified via elemental analyzer (elementar vario PYRO cube, Hanau, Germany). Freeze-dried, weighed samples were analyzed in triplicate as sample material allowed.
Concentration calibrations were made using NIST-certified standard USGS40 l-glutamic acid as well as Na-EDTA diluted tenfold in silicon dioxide (Unimin, Spruce Pine, NC) and homogenized. A set of four standards were run every 10-12 samples to correct for size and drift. Cave samples were analyzed in quadruplicate. These samples were weighed into silver boats, wet with 20 μl ultrapure water, and acid fumed in a desiccator with a beaker containing 50 ml concentrated hydrochloric acid for 24 hr to remove inorganic carbon. Following this procedure, samples were dried at 60°C for 12 hr and folded into a second silver boat.
Protein associated with Mn oxides was quantified using Qubit fluorescent reagent (Life Technologies) and calibrated using BSA standards (Bio-Rad). Proteins were removed from mineral surfaces by suspending the sample in 1.5 ml ultrapure water and sonicating three times at 40% duty cycle, keeping the samples on ice between sonication cycles. 300 μl of 6N hydrochloric was then added to the solution and incubated at 37°C for 30 min. Then, 75 μl 10 m trichloroacetic acid was added, and the mixture incubated on ice for 30 min. Finally, samples were spun down, the supernatant transferred, and an additional 500 μl of 0.1 N NaOH was added. Samples were boiled for 5 min and cooled to room temperature prior to analysis. (Protocol modified from Ehrenreich and Widdel (1994) ).
| Protein extraction and identification
Protein extractions were performed on rinsed, concentrated Mn oxide minerals collected from cell-free filtrate of both R. AzwK-3b
and E. SD-21 cultures embedded in polyacrylamide gel. Protein digestions followed a protocol adapted from Lu and Zhu (2005) .
Because metals interfere with acrylamide polymerization, the Mn oxide slurry (87 μl) was not mixed with the acrylamide solution Facility as described previously (Andeer, Learman, McIlvin, Dunn, & Hansel, 2015) . Peptides were then compared to sequences for Roseobacter AzwK-3b or Erythrobacter SD-21, respectively, using Bioworks v3.3.1 SP1 (Thermo Scientific) and further analyzed using Scaffold v4 (protEomE Software). A blank containing the sterile ultrapure water used in the mineral rinsing procedure was also analyzed.
| RESULTS
| Mn oxide characterization
Mn oxides formed by the Mn(II)-oxidizing bacteria and fungi explored here and grown under similar conditions were identified as a nanocrystalline hexagonal birnessite phase similar to δ-MnO 2 in previous investigations (Learman et al., 2011; Santelli et al., 2011) .
For Roseobacter AzwK-3b, however, the initial hexagonal birnessite phase is colloidal and ripens to a larger particulate triclinic birnessite phase over 96 hr (Learman et al., 2011) .
Incubation of Oyster Pond water with aqueous Mn(II) led to visible Mn oxide particles starting after approximately 4 weeks. Linear combination fitting of the Mn EXAFS spectra revealed that the Mn oxides precipitated after 4 weeks consisted of hexagonal birnessite similar to δ-MnO 2 with a small contribution from either adsorbed or structurally bound Mn(II) (8%; Fig. S1 and Table S1 ). After 8 weeks, the Mn oxides remain as primarily hexagonal birnessite, but contain more Mn(II) (12%) and a substantial amount of triclinic Na-birnessite (38%) ( Fig. S1 and Table S1 ). and Table S1 ).
| Carbon quantification
Manganese oxides formed in the cell-free filtrate of Roseobacter AzwK-3b and Erythrobacter SD-21 harbored a substantial amount of organic carbon (Fig. 1) Ferromanganese rock coatings from the karstic cave system contain 1-2 orders of magnitude less OC than the Mn oxides formed by axenic cultures or Oyster Pond water incubations (Fig. 1) . Concentrations of total organic carbon associated with the rock coatings (although not explicitly mineral associated) ranged from 0.107 ± 0.009 to 0.123 ± 0.007 mol OC per kg solid.
| Mn oxide-organic carbon associations and carbon composition
A clear association between bacteriogenic and mycogenic Mn oxide particles and organic carbon was visually observed via STXM (Fig. 3) .
STXM C and Mn optical density (OD) maps demonstrated close spatial correlation between carbon and Mn oxide minerals formed
in Roseobacter and Erythrobacter cell-free filtrate (Fig. 3, left panel) .
The (Table S2) .
As chemical composition appeared spatially homogeneous, a spectrum was extracted from the entire particle. This 'total' C spectral 
ing peaks corresponding to aromatic, aliphatic, and amide/carboxylic C (Fig. 4) and with an average amide/carboxylic C contribution of 44% ± 2% ( Fig. 5 ; Table S2 ). Bulk carbon 1s NEXAFS spectra for Roseobacter Mn oxides (Fig. S3) as well as Erythrobacter Mn oxides (not shown) were consistent with the STXM spectra (Fig. 4) . Nitrogen 1s NEXAFS (Fig. S3, right panel) confirmed the identification of OC associated with Mn oxides precipitated by Roseobacter as a protein, with the primary N-NEXAFS peak at 401.4 eV corresponding to amide N (Fig. S3) . The C NEXAFS spectra of Mn oxides from Roseobacter and particularly Erythrobacter contained an additional contribution from O-alkyl-C groups at ~289.4 eV, which is not found in the protein standard. NEXAFS spectra extracted from four different regions of the STXM-NEXAFS stacks appeared nearly identical for Pyrenochaeta sp. (Fig. 3, top right panel) . However, spectra extracted from morphologically distinct regions of the Stagonospora sp. Mn oxides differed slightly, as shown in the bottom right panel of Fig. 3 . These differences derive from peak intensities rather than peak positions or the presence/absence of certain peaks. Region 4a is relatively Mn and C poor and contained less aliphatic and O-alkyl-C groups and more amide/ carboxylic C than the other regions, based on peak fitting results, although these differences were not substantial (Table S2) Table S2 ). In fact, for the most prominent functional groups (aromatic, aliphatic, amide/carboxylic, and O-alkyl-C), the average relative standard deviation was 11.8% across all regions of both fungal samples.
Carbon associated with the two mycogenic Mn oxide precipitates had a distinctly different C NEXAFS signature from the bacterial oxides and was specifically more similar to the lipopolysaccharide and neutral polysaccharide standards (Fig. 4) . The sample spectra were defined by shoulders for aliphatic C (~287.3 eV, average 7.2% ± 0.6% of total area) and amide or carboxyl C (~288.3 eV, average 25.6% ± 3.0%), rising to a primary peak corresponding to O-alkyl-C at ~289.3-289.5 eV (average 42.9% ± 2.5%). Both mycogenic Mn oxide samples harbored carbon with a greater contribution from aromatic groups (~285.4 eV, average 7.7% ± 0.4%) and lower aliphatic C than pure lipopolysaccharides, but the match was otherwise strong in overall spectral shape and contribution of functional groups (LPS contains: aromatic C, 0.8%; F I G U R E 4 Representative C 1s NEXAFS spectra of carbon associated with Mn oxides precipitated in the cell-free filtrate of fungal (blue) and bacterial cultures (black) generated by extracting the entirety of the STXM image for each species, shown with matching standards. Guidelines are at 285.3, 287.4, 288.3, and 289.45 eV F I G U R E 5 Average percent contribution of primary functional groups to total spectral area. Statistical differences determined by one-way ANOVAs. Letters designate significant differences between sample types (p < .05, see text) (Fig. 6 ). C NEXAFS spectra extracted from distinct regions showed a diversity of spectral signatures that could not be matched with individual standard compounds. Instead, the spectra contained a variety of spectral features indicative of a more complex carbon composition. Regions where carbon was associated with Mn oxides had similar spectral signatures (8-week incubation, excluding C-only regions 6 and 7). C NEXAFS spectra from these regions showed the presence of aromatic, aliphatic, amide/carboxylic, and O-alkyl-C carbon (285.4, shoulder at ~287.3, ~288.4, and ~289.4 eV, comprising 7.3% ± 1.6%, 11.3% ± 2.1%, 33.3% ± 2.4%, and 25.7% ± 2.1% of the total fit area, respectively), with the peak corresponding to amide/carboxylic C making the greatest contribution to fit area (Fig. 5 , Table   S2 ). Two regions (6 and 7) were composed of particulate carbon not associated with Mn (Fig. 6) . Like the Mn-bearing regions in this sample, the peak corresponding to amide/carboxylic C still made the largest contribution to overall fit area, at 36.0%± 4.2% (Table S2 ). These two regions differed from each other as much as from the Mn-bearing regions; region 6 had the highest aliphatic content of all analyzed regions (14.5%) and region 7 the lowest (5.9%), while the relative contribution to fit area of the other functional groups fell within the same range as the Mn-bearing regions.
Scanning transmission X-ray microscopy elemental mapping of two cave samples showed distinct regions for each element with a lesser degree of C-Mn coupling (Fig. 7, left panel) than observed in the culture and water incubation samples (Figs 3 and 6) . In sample 'Bacon Cove 1', Mn-rich regions also contained C, which in some instances was observed as what appears to be a coating around a particle (see bottom middle particle in map, Fig. 7 ). Particulate carbon was also observed that was not associated with Mn. Iron regions are closely aligned with Mn, and thus, this particulate carbon was either not mineral associated or the minerals did not contain Fe or Mn. Si maps also did not overlap with this particulate carbon (not shown). Unlike Bacon Cove, Mn, and Fe were distributed as discrete particles in sample 'Cliff Ledge 3', with both Mn-rich and Fe-rich particles bearing associated carbon, including coatings along the mineral grains. The samples also contained a substantial amount of C, both organic and inorganic, that was not associated with Mn-and Fe-rich regions. Some of the visible C associated with Si-bearing phases, but these were often too optically dense to extract spectra from.
C NEXAFS spectra extracted from various regions of the cave samples had similar spectral features to the biogenic Mn oxides F I G U R E 6 Transmission image (top left) and C (green), Mn (red), and Fe (blue) overlaid STXM OD maps of Mn oxides formed in Oyster Pond brackish water after 8 weeks (bottom left) and corresponding C 1s NEXAFS spectra (right). Guide lines are at 285.4, 287.2, 288.4, and 289.45 eV from the cultures and coastal water incubations, including a peak identified as aromatic C at ~285.5 eV, a shoulder corresponding to aliphatic C around 287.4 eV, a primary amide/carboxylic C peak at ~288.6 eV, and a minor feature at ~289.6 eV identified as O-alkyl-C functional groups (Fig. 7 right panel) . Several of the regions contained inorganic carbon, identified by the sharp peak between 290.2 and 290.6 eV. Based on peak fitting results, however, inorganic C accounted for only 4%-18% of the total carbon in all regions (Table   S2 ).
To look for differences in OC composition between spectra, regions were averaged either by site or by whether the region represented Mn oxide-associated OC or bulk OC. By site, Cliff Ledge had a higher content of amide/carboxylic C (~288.6 eV, p = .031, two-tailed t test, 41.5% ± 9.3% relative to 31.5% ± 1.0%) but lower aliphatic C (~287.5 eV, p = .004, two-tailed t test, 17.1% ± 1.6% compared to 25.1% ± 3.4% of total fit area; Table S2 ). When classified as Mn oxide-OC or bulk OC, the C-rich regions that did not contain Mn had higher aromatic and phenolic/ketonic C (~285.4 eV, p = .010, two-tailed t test, 11.3% ± 1.7% relative to 7.3% ± 1.7% and ~286.4 eV, p = .012, two-tailed t test, 3.2% ± 0.8% relative to 1.1% ± 1.0%; Table S2 ) but had no other significant differences.
Overall, the most striking difference between spectra extracted from the ferromanganese coating samples relative to bacterial/fungal and Oyster Pond Mn oxides was the contribution from aliphatic C groups (~287.3-287.5 eV). Averaging peak fitting results from all regions extracted from each sample type together showed that OC in cave samples contains 22% ± 5% aliphatic groups relative to 11% ± 3% and 7% ± 1% for the incubation and culture samples, respectively (p < .001, one-way ANOVA; Fig. 5, Table S2 ).
| Protein quantification
For some samples, enough material was obtained to specifically quantify the proteins associated with the Mn oxides (Fig. 1) (Fig. 1) , proportionally more of the OC pool than that found associated with bacterial Mn oxides.
The concentration of OC associated with Mn oxides formed via Mn(II) oxidation within the Oyster Pond water after 8 weeks was 11.8 mg protein per g mineral (Fig. 1) .
For the cave samples, protein concentrations are several orders of magnitude lower than that associated with Mn oxides formed in axenic cultures, ranging from 0.05 ± 0.01 (Bacon Cove) to 0.09 ± 0.05 (Cliff Ledge 3) mg protein per g mineral (Fig. 1). 
| Protein identification
As proteins were the primary form of OC associated with bacterial Mn oxides based on C-and N-NEXAFS spectroscopy, we extracted and identified the Mn oxide-harbored proteins to gain insight into the types of proteins present in the minerals. The majority of F I G U R E 7 C (green), Mn (red), and Fe (blue) overlaid STXM OD maps of cave ferromanganese rock coatings (left) and corresponding C 1s NEXAFS spectra (right) for samples Bacon Cove 1 (top, black spectra) and Cliff Ledge 3 (bottom, gray spectra) | 167 peptides identified in the Roseobacter sp. AzwK-3b Mn oxide minerals (>55% , Table S3 ) were associated with animal heme peroxidases (AHPs) encoded by its genome (Andeer et al., 2015) . Several other proteins were identified in the Roseobacter extractions, but were detected at much lower relative abundances (as measured by relative spectrum counts). The Mn oxide minerals generated by Erythrobacter sp. SD-21 also contained a homolog to the AHPs found in Roseobacter, MopA (Dick et al., 2008) . However, several other proteins were also identified in these Mn oxide minerals with similar spectral counts to MopA (ca. 7.9%).
In addition to these peroxidases, there were several other Mn oxide-associated proteins involved with ion binding or transport. One such protein in the Roseobacter Mn oxides was a putative metal permease belonging to a family associated with the cellular uptake of Mn 2+ and Zn 2+ (Claverys, 2001) . Also identified were a pair of hemolysin proteins that belong to a family of proteins that are capable of binding Ca 2+ and Zn 2+ (Ostolaza, Soloaga, & Goni, 1995) . Many TonB receptor family proteins, which are involved with the uptake of substrates such as iron complexes (Koebnik, Locher, & Van Gelder, 2000) , 
| DISCUSSION
Mn oxides formed within brackish water incubations and as cave ferromanganese rock coatings are composed of δ-MnO 2 , a poorly ordered layered birnessite phase, similar to the Mn oxides formed by the bacterial and fungal cultures (see Learman et al., 2011; Santelli et al., 2011 ). δ-MnO2 is the primary type of Mn oxide formed by micro-organisms (Bargar et al., 2005; Santelli et al., 2011; Webb, 2005b) and within near-surface environments (review by Tebo et al., 2004 and references therein, Bargar et al., 2009 ).
Similar to Roseobacter Mn oxides, the hexagonal birnessite phase formed in the brackish water incubations ripens to a more crystalline triclinic birnessite phase over several weeks (Fig. S1 , Table   S1 ).
These biogenic and natural Mn oxides harbor substantial concentrations of organic carbon, ranging from 4.2 to 17.0 mol OC per kg solid in bacterial and fungal cultures and brackish pond water incubations (Fig. 1) . In contrast, cave ferromanganese deposits host far less OC (0.09-0.12 mol OC per kg solid; Fig. 1 ). By assigning an approx- (Fig. 4) . These signatures could derive from amino sugars, which would produce spectra with strong peaks corresponding to both amine C and O-alkyl-C (Solomon et al., 2009 ). However, the spectra closely match protein and/or lipopolysaccharide standards (for bacterial and fungal
Mn oxides, respectively) and the additional N-NEXAFS (Fig. S3 ), protein quantification ( Fig. 1) , and protein extraction and identification data (Table S3) for the bacterial samples affirm this interpretation. These and closely related organisms are known to have extensive secretomes (Christie-Oleza, Piña-Villalonga, Bosch, Nogales, & Armengaud, 2012; Johnson, Soule, & Kujawinski, 2016; Learman & Hansel, 2014; Zeiner, 2015) ; thus, while amino sugars could be present and associating with the mineral, it is not surprising to find that Mn-associated OC derives from extracellular proteins and lipopolysaccharides.
While the organic carbon composition of the initial growth media varied between the cultures, the fungal and Erythrobacter sp. media is quite similar and therefore cannot account for the differences observed between these organisms. Further, ascomycete fungi, including the two species explored here, have extensive exoproteomes (Zeiner, 2015 and references therein) , and yet their Mn oxides are dominated by a (lipo)polysaccharide signature. As the type and structure of the Mn oxides formed by these bacteria and fungi are similar (Learman et al., 2011; Santelli et al., 2011) , these findings could point to specific biomolecules involved in Mn biomineralization by bacteria versus fungi. However, a range of polysaccharides, proteins, and specific amino acids has been implicated in the nucleation, precipitation, and aggregation of a wide diversity of minerals with specific organic classes not specific to particular microbial groups. For instance, while here we see a primarily (lipo)polysaccharide signature associated with the fungal biooxides, proteins or proteinaceous material have also been documented as templates in fungal Mn oxide formation (Emerson et al., 1989) . Conversely, the carbon associated with the bacterial Mn oxides here is dominated by proteins, but polysaccharides template Fe oxides associated with the sheath forming iron oxidizer M. ferroxidans (Chan, Fakra, Edwards, Emerson, & Banfield, 2009) . Similarly, Mn oxide precipitates formed within biofilms of the bacterium Psuedomonas putida strain MnB1 were completely enveloped by the same polysaccharide material that comprised its biofilms, where this association was likely a combination of templated and adsorbed organic carbon (Toner, Fakra, Villalobos, Warwick, & Sposito, 2005) . Clearly, this association of organic carbon and minerals does not appear to be unique to particular microbial groups and rather comprises a number of factors that may vary with lifestyle (e.g., surface associated vs. planktonic) and Mn oxidation pathway.
For the Mn(II)-oxidizing bacteria utilized in this study, the proteins involved in Mn(II) oxidation are sequestered and potentially preserved within the ensuing Mn oxide precipitates. Heme peroxidases and homologs, in particular, are among the most abundant mineral-hosted proteins within the Roseobacter and Erythrobacter Mn oxides and have been linked to both the direct and indirect (superoxide mediated) oxidation of Mn(II) by these organisms (Andeer et al., 2015; Anderson et al., 2009) .
Their presence in the mineral may be attributed to their additional function as a template (either passively or actively) or in inducing particle aggregation (Moreau et al., 2007) . Alternatively, these proteins may play no role in particle formation or growth and instead may simply be adsorbed between particles and/or onto the Mn oxide surfaces. In fact, these heme peroxidases are the most abundant protein in both cellfree filtrate and the outer membrane fraction in Roseobacter AzwK-3b (Andeer et al., 2015; Learman &Hansel, 2014) formed in cultures, brackish water, and terrestrial caves when peak fitting results from spectra are averaged by sample type (Fig. 4) . Other studies of marine particles (Brandes et al., 2004) and soil aggregates (Lehmann et al., 2008) have found similar results, where different samples nonetheless contain the same classes of compounds.
One notable exception to the similarity in functional group distributions is an observed higher proportion of aliphatic C within the terrestrial cave samples (Fig. 9) . Previous work has interpreted enrichment of aliphatic and amide C as evidence of microbial lipids and proteins that selectively partition onto mineral surfaces. Like this work, Keiluweit et al. (2012) found lipids and proteins intermixed within iron oxide-rich soils, while Liu et al. (2013) found lipids and proteins in separate 100-200 nm 2 domains after adsorption of extracellular polymeric substances to goethite. Mineral-associated OC in soil samples studied by Heckman et al. (2013) was dominated by polysaccharides, but also enriched in lipids and proteins which were | 169 interpreted as microbial residues. The cave ferromanganese coatings, however, lack the O-alkyl-C enrichment that would be more indicative of polysaccharide material (as with the mycogenic oxides) and have a variable amide/carboxyl C content comparable to incubation and culture samples, suggesting a relatively higher lipid:protein content than that found in those previous studies on soil. The C-rich/no Mn regions (Fig. 7 , BC regions 6 and 7, CL regions 8 and 9) are significantly enriched in aromatic and phenolic/ketonic groups (p = .01, two-tailed t test). These regions could represent the fraction of non-microbially processed, more terrestrial (lignin or otherwise plant derived) OC in the sample (Heckman et al., 2013) or intact fungal hyphae-like material (Keiluweit et al., 2012) . Conversely, more Mn-rich regions could be interpreted as depleted in aromatics due to oxidative degradation by Mn oxides, as observed in Johnson et al. (2015) who documented preferential breaking of aromatic C-C bonds and conversion to low molecular weight compounds. However, as Mn-containing regions do not otherwise significantly differ from C-rich regions, we cannot conclusively attribute slight compositional differences to mineral-driven fractionation of microbial OC. Ultimately, the high aliphatic C content of cave Mn oxides may reflect differing C sources, differences in lifestyle (i.e. more lipid-rich biofilm formation for rock-associated microbes in cave systems), or a greater extent of microbial processing of OC. Given the oligotrophic cave environment and low measured carbon concentrations, this last option seems most feasible.
| CONCLUSIONS
Here, we show that manganese oxides harbor substantial concentrations of organic carbon that remain stable despite mineral ripening 
